Plasmacytoid dendritic cells (pDC) constitute a very rare blood cell population and play a significant role in immune response and immune-mediated disorders. Investigations on primary pDCs are hindered not only due to their rarity but also because they represent a heterogeneous cell population which is difficult to culture ex vivo. We generated a conditionally immortalized pDC line (Dox-pDC) from mice with Doxycycline-inducible SV40 Large T Antigen with a comparable immune profile to primary pDCs. The Dox-pDC secrete pro-and anti-inflammatory cytokines upon Toll-like receptor 9 stimulation and upregulate their MHCI, MHCII and costimulatory molecules. Further, the Dox-pDC activate and polarize naïve T cells in vivo and in vitro in response to the model antigen Ovalbumin. Due to their long-term culture stability and their robust proliferation Dox-pDC represent a reliable alternative to primary mouse pDC.
Introduction
Detailed investigation of rare immune cells often fails due to their poor availability from primary sources or their stability in cell culture. Plasmacytoid dendritic cells (pDC) represent with < 1% of blood cells a very small population of immune cells. [1] They are specialists in sensing nucleic acids of viral and bacterial origin with their Toll-like receptors (TLR) 7 and 9 and respond to it with huge amounts of type I interferons (IFN) and other pro-inflammatory cytokines. [2, 3] pDC drives both the innate and adaptive immune response. Secreting IFNα, interleukin (IL)-12 and IL-18 pDC activate natural killer cells and conventional dendritic cells. [4] [5] [6] TLR-activated pDC express the major histocompatibility complex (MHC) I and MHC II molecules and co-stimulatory markers including CD80, CD86 and CD40 which enables pDC to present antigens to CD4+ T cell and cross-prime CD8+ T cells. [7] To study the important role of pDC in immune response and immune disorders, different human leukemic pDC lines e.g. CAL-1, GEN2.2 and PMDC05 with characteristic pDC phenotype and function were generated. [8] [9] [10] However, stable cell lines of murine pDC that display PLOS ONE | https://doi.org/10.1371/journal.pone.0192437 February 28, 2018 1 / 10 a1111111111 a1111111111 a1111111111 a1111111111 a1111111111 characteristics comparable to that of primary pDC are missing. Previously we generated a conditionally immortalized myeloid dendritic cell line derived from murine bone marrow of mice carrying a double ligand (Dexamethasone and Doxycycline) inducible SV40 Large T-Antigen.
[11] Here we describe a conditionally immortalized pDC line with the behaviour of primary cells and long term stability in culture which depends only on Doxycycline for induction of SV40 Large T-Antigen.
Materials and methods

Ethics statement
Animal experiments were carried out in strict accordance with the German Animal Welfare Act. The protocol was approved by the Committee on the Ethics of the Landesdirektion Dresden, Germany (Permit Number: DD24-5131/354/31).
Animals
Transgenic Rosa-rtTA mice (ROSA26-STOP-rtTA-IRES-EGFP) [12] were crossed with PGKCre mice [13] to remove the STOP cassette upstream the rtTA-IRES-EGFP transgene. Mice carrying tetracycline inducible large T Antigen [14] were intercrossed with the ROSA26-rt-TA-IRES-EGFP mice to obtain offspring with a Tetracycline-inducible SV40 large T Antigen (Rosa-rtTA-flox-Tag+). OTI (C57BL/6-Tg(TcraTcrb)1100Mjb/J; transgenic T cell receptor recognizes the OVA peptide 257-264) and OTII (B6.Cg-Tg(TcraTcrb)425Cbn/J; transgenic T cell receptor recognizes the OVA peptide 323-339) were purchased from the Jackson Laboratory (Bar Harbor, USA). For cell or organ isolation mice were sacrificed by cervical dislocation under anesthesia. All mice were bred under pathogen-free conditions in the animal facility of the Technische Universitaet Dresden.
Preparation of bone marrow cells and generation of plasmacytoid dendritic cells
To generate mouse pDC, bone marrow cells were isolated from a female Rosa-rtTA-flox-Tag + mouse femur and tibia by flushing the bones with 1× PBS containing 0.5% (w/v) bovine serum albumin (BSA; Sigma Aldrich, Taufkirchen, Germany) and 2 mM EDTA (Sigma Aldrich). After red blood cell lyses with ACK lysis buffer (Thermo Fisher Scientific, Dreieich, Germany) remaining cells were cultured at 37˚C in a humidified atmosphere with 5% (v/v) CO 2 in complete RPMI medium (GE Healthcare, Munich, Germany) supplemented with 10% (v/v) fetal bovine serum (FBS; Thermo Fisher Scientific), 2 mM L-glutamine, 100 IU mL -1 penicillin, 100 μg mL -1 streptomycin (GE Healthcare), 1 mM sodium pyruvate, 10 mM HEPES (Biochrom, Berlin, Germany) and 50 μM β-mercaptoethanol (Sigma Aldrich). To induce differentiation into pDC, Fms-like tyrosine kinase 3 ligand (Flt3L; 100 ng mL ) produced by a B16 melanoma cell line was added to the culture. [15] To induce large T antigen expression, cells were treated with Doxycycline (Dox; 1 μg mL -1 ; Sigma Aldrich). After 7 days, CD11b + cells were depleted from the non-adherent fraction using CD11b Microbeads (Miltenyi Biotec, Bergisch Gladbach, Germany). Remaining pDC (CD11b-) were cultured in RPMI complete medium supplemented with Flt3L and Dox.
Generation of single cell clones
Bone marrow derived, Flt3L-differentiated pDC were counted, centrifuged and adjusted to 2.5 cells mL - 
Stimulation of dendritic cells and analysis of cytokine secretion
In vitro differentiated single cell clones, Dox-pDC and BM-pDC (2×10 6 ml -1
) were stimulated in RPMI complete medium supplemented without or with TLR9 ligands ODN CpG1585 (type A, 1 μM) or ODN CpG1826 (type B; 1 μM; both Invivogen, San Diego, USA) for 20 hours. Whereas CpG type A induces strong IFNα response and the maturation of pDC, type B induces the secretion of IL-6 and TNFα, but only less IFNα. Cell culture supernatants were analysed for cytokine secretion with cytometric bead arrays (CBA; IL-6, IL-10, TNFα; BD Biosciences, Heidelberg, Germany) together with LSRII flow cytometer (BD Biosciences) or ELISA (IFNα, IFNβ; Thermo Fisher Scientific). Cytokine levels were normalized to standard curves of recombinant cytokines and in case of CBAs analysed using the FCAP Array software (BD Biosciences), respectively. The amount of secreted cytokines were represented as femtogram (fg) per cell.
Flow cytometry
Prior to flow cytometry, cells were washed in staining buffer (0.05% (w/v) BSA, 2 mM EDTA in 1× PBS) and treated with FcR blocking reagent (Miltenyi Biotec) for 10 min. Subsequently, In vitro differentiated single cell clones and Dox-pDC were stained with the following antibodies for 30 min at 4˚C: CD11c-APC, MHC-I-FITC, MHC-II-PE, SiglecH-PE, CD86-PE-Cy7, CD289 (TLR9)-FITC, CD11b-V500, B220-PerCP, CD8α-APC-Cy7 (all BD Biosciences) and CD9-FITC (Thermo Fisher). T lymphocytes were stained with the following antibodies: CD3-FITC, CD4-V500, CD8α-APC-Cy7, CD44-APC and IFNγ-APC-Cy7 (all BD Biosciences); CD62L-PerCP-Cy5.5 and RORγt-PerCP-ef710 (all Thermo Fisher Scientific). Flow cytometry was performed using LSRII and FlowJo analysis software (V10; FlowJo, Ashland, USA).
Antigen-presentation studies
Dox-pDC were pulsed with Ovalbumin grade V (OVA-V, 100 μg mL Antigen presentation studies using OTI and OTII mice were performed with OVA-LE in combination with TLR9 stimulation. CD4+ and CD8+ T cells were isolated from spleen of OTII (CD4+) and OTI (CD8+) mice by magnetic bead separation (CD4 T cell isolation Kit, CD8 T cell isolation kit II; Miltenyi Biotech). The purity of CD4+ or CD8+ T cells (CD3+) was greater than 97%. Dox-pDC and BM-pDC were pulsed with OVA-LE in the absence or presence of TLR9 ligands CpG A or CpG B. After two hours Dox-pDC were washed and cocultured together with CD4+ or CD8+ T cells in a ratio 1:5. The frequency of activated Th1 (CD4 +IFNγ+), Th17 (CD4+RORγt+) and cytotoxic T cells (CD8+IFNγ+) was analysed by LSRII flow cytometer.
Proliferation, apoptosis and cell cycle analysis
For cell proliferation analysis, 2×10 6 cells were labelled with 1 μM violet proliferation dye VPD450 (Thermo Fisher Scientific) according to manufacturer instructions and analysed by LSRII flow cytometer. To quantify apoptosis and necrosis, 2×10 6 cells were stained with Annexin V-PE antibody (BD Biosciences) and Hoechst 33342 (1 μg/ml, Sigma Aldrich) for 15 min and analysed by flow cytometry. Finally, cells were analysed by LSRII flow cytometer.
Statistics
If not stated otherwise, data were analysed with one-or two-way ANOVA models. The numbers of experimental and technical replicates are shown in the figure legends. P-values of less than 0.05 were considered statistically significant. The statistical analyses were done with GraphPad Prism software (Version 5.04; GraphPad Software, La Jolla, USA).
Results
Generation of the immature plasmacytoid dendritic cell line Dox-pDC
To overcome the limitations on using primary pDC we aimed to generate an immature pDC mouse cell line with a characteristic phenotype of primary mouse cells. To obtain a defined cell population we first generated single cell clones from bone-marrow derived, Flt3L-differentiated pDC (Fig 1A) . Out of twenty 96-well plates 69 cell colonies (7% of input) developed within 14 days of culture in the presence of Flt3L and Dox. After two additional weeks 30 of these colonies (3% of input) displayed a stable proliferation and were transferred into 48-well format. After a total of 5 weeks 10 remaining stable single cell clones (1% of input) were further cultured and characterized for typical pDC marker IFNα, SiglecH, B220 and CD8α. Four clones (#1, 2, 9 and 11) expressed the surface molecules SiglecH, B220 and CD8α (Fig 1B) and secrete IFNα upon CpG A-mediated TLR9 stimulation (Fig 1C) . In contrast, the other six clones (#3, 4, 6, 8, 10 and 13) showed lower expression of at least one surface molecule (Fig 1B  and 1C ) and did not secrete IFNα upon CpG A-mediated TLR9 stimulation (Fig 1C) . Bone marrow derived pDC (BM-pDC) are characterized by the expression of TLR9, B220, SiglecH, CD8α, low to intermediate CD11c, CD9, PDCA1 and the absence of CD11b (Fig 1D) . Based on these data we further investigated the single cell clone #2 (hereinafter named Dox-pDC) that expressed TLR9, B220, SiglecH and CD8α comparable to BM-pDC (Fig 1D) . In contrast to in vitro differentiated bone marrow derived primary mouse pDC (BM-pDC), the Dox-pDC show an increased expression of CD11c and CD9 (Fig 1D) whereas expression of SiglecH is reduced. Both, BM-pDC and Dox-pDC are negative for CD11b (Fig1 D) and PDCA-1 (data not shown). In the presence of Dox and Flt3L the Dox-pDC demonstrated a constant proliferation (Fig 1E, d3-d7 ) with a doubling time of 2.4 ± 0.3 days (Fig 1G) . In the absence of Dox and Flt3L and after activation with TLR9 ligands CpG A and CpG B the Dox-pDC stopped proliferation and demonstrated an increased apoptosis within 3 days (Fig 1E and 1F) .
Dox-pDC immune profile is comparable to that of bone marrow derived pDC
To prove whether Dox-pDC undergo maturation upon contact with pathogens we stimulated the Dox-pDC and BM-pDC with TLR9 ligands CpG A or CpG B. In comparison to nontreated immature Dox-pDC and BM-pDC, TLR9 activated cells exhibited an increased cell size (Fig 2A; CpG B) . Since the TLR9 activation of immature pDC results in the secretion of cytokines, we measured the level of IFNα, IFNβ, IL-6, TNFα and IL-10 in the supernatant after 20 hours of cell culture and calculated the amount of cytokines per cell. We detected a strong induction of IFNα in CpG A stimulated Dox-pDC and BM-pDC and a moderate secretion after CpG B stimulation (Fig 2B) . Dox-pDC do not secrete IFNβ after TLR9 activation whereas BM-pDC secrete high amounts after CpG A stimulation (Fig 2B) . Whereas stimulation with CpG A results in moderate secretion of IL-6, TNFα and no IL-10 in Dox-pDC, CpG B induced a massive production of those cytokines (Fig 2B) . In comparison to immature (unstimulated) Dox-pDC, activation with TLR9 ligands results in the upregulation of MHCI, MHCII and the co-stimulatory molecule CD86 with a stronger impact of CpG A (Fig 2C) .
Dox-pDC activate and polarize T cells in vivo and in vitro
Antigen presentation and induction of an adaptive immune response are fundamental functions of pDC. By the use of an Ovalbumin (OVA)-triggered immunization model we tested whether Dox-pDC are able to activate T cells in vivo (Fig 3A) . We transplanted CD45.1 mice with OVA-V pulsed Dox-pDC. Fourteen days later, we isolated and cocultured T cells from these mice with OVA-V pulsed Dox-pDC in vitro and analysed their proliferation. In comparison to CD4+ T cells cultured in the presence of OVA-V without Dox-pDC, CD4+ T cells cocultured together with OVA-V-pulsed Dox-pDC proliferated significantly more (Fig 3B) . Furthermore, the frequency of proliferating CD4+ effector memory T cells (TEM; CD62L-CD44+) in cocultures with OVA-V loaded Dox-pDC was also enhanced (Fig 3C) . Although we did not detect any proliferation of CD8+ T cells in this model, we detected a strong increase of proliferating CD4+CD8lo T cells compared to T cells incubated with OVA-V alone ( Fig  3D) . As expected, also the frequency of proliferating effector memory T cells was enhanced in the CD4+CD8lo population (Fig 3E) . To test, whether Dox-pDC in comparison to BM-pDC are able to polarize naïve T cells into T helper subtypes Th1, Th2 and Th17, we stimulated Dox-pDC and BM-pDC with low endotoxin OVA (OVA-LE) in the absence or presence of TLR9 ligands CpG A or CpG B, respectively. Splenic CD4+ T cells from OTII mice cocultured with OVA-LE pulsed Dox-pDC or BM-pDC only contain a small population of IFNγ+ (Th1) or RORγt+ (Th17) population (Fig  3F and 3G) . The additional activation of TLR9 on Dox-pDC or BM-pDC with CpG A or CpG B significantly increased the Th1 and Th17 population with a greater influence of CpG B (Fig  3F and 3G) . In contrast, we did not detect a Th2 population. Splenic CD8+ T cells from OTI mice showed significantly increased frequency of IFNγ+ cells when cocultured with OVA-LE loaded and TLR9 stimulated Dox-pDC or BM-pDC ( Fig 3H) . As already observed for the CD4+ T cells CpG B is much more potent in polarizing T cells than CpG A.
Discussion
Plasmacytoid dendritic cells are a unique dendritic cell subset that primarily promotes an effective antiviral immune response by rapid and massive secretion of IFN. Due to their increasing implication in the pathogenesis of immune-mediated diseases stable and reliable in vitro cell systems for e.g. detailed mechanistic investigations are required. Murine primary pDC are mainly isolated from spleen or can be differentiated from bone marrow cells by addition of Flt3L to the cell culture. However, the achieved cell numbers and the stability in culture for longer periods are not satisfying. Although several human pDC lines are well described they all have a leukaemic origin. [8] [9] [10] Whereas the pDC line CAL-1 was generated from a patient with blastic natural killer cell lymphoma, the cell lines GEN2.2 and PMDC05 originated from patients with pDC-derived acute leukaemia. All these cells lines were described to have natural pDC immune function, but mainly due to their leukemic origin they showed differences in terms of their IFNα secretion and their unique pDC marker expression, i.e. BDCA-2 when compared to primary human pDC. [8] [9] [10] In the present study we established a defined murine pDC clone that stably proliferates by the reversible induction of a Doxycycline-inducible SV40 large T Antigen. After withdrawal of Doxycycline the Dox-pDC stopped their proliferation and undergo apoptosis within 3 days (Fig 1) . The Dox-pDC expressed the pDC marker TLR9, B220, SiglecH, CD11c and CD8α but not the myeloid marker CD11b (Fig 1) . In comparison to Dox-pDC we detected lower CD11c expression in primary bone marrow derived pDC. In contrast to human pDC murine, Flt3L-differentiated pDC generally express CD11c. [16, 17] Upon contact with pathogens pDC are activated and mature. This process is accompanied with morphological changes, shifted cell cycle distribution, upregulation of MHC and co-stimulatory molecules and secretion of cytokines. We showed that activation of Dox-pDC by the TLR9 ligand CpG A (ODN1585) resulted in the secretion of IL-6 and TNFα and massive amounts of IFNα (Fig 2) . Stimulation with TLR9 ligand CpG B (ODN1826) induced high levels of IL-6, TNFα and IL-10 (Fig 2) . The opposed effect of CpG A and CpG B especially regarding IFNα and IL-10 may be explained by the regulatory function of IL-10. It has been demonstrated that IL-10 inhibits the IFNα secretion in murine and human pDC. [18, 19] Activation of Dox-pDC by TLR9 stimulation is accompanied by the upregulation of MHCI, MHCII and CD86 (Fig 2) . Several studies showed that TLR9 activation results in the maturation of human and murine pDC characterized by upregulation of MHC and costimulatory molecules. [20] [21] [22] [23] Presentation of antigens to naïve T cells and thus their activation and polarization is an additional and important function of pDC. [24] Ovalbumin-loaded Dox-pDC were able to activate T cells in vivo and in vitro (Fig 3) . They induced the proliferation of CD4+ T cells, but not CD8+ cells when pulsed with OVA alone. The capability of pDC to cross-prime CD8+ T cells is dependent on the activation of TLR9. [25] Simultaneous activation of OVA-loaded DoxpDC with CpG A or CpG B resulted not only in the activation of IFNγ+ CD8+ T cells but also in the polarization of CD4+ Th1 and Th17 cells (Fig 3) . We did not detect any T cells of the subtype Th2 which can be explained by the concentration of OVA we used. Boonstra et al. showed that OVA-loaded and TLR9-activated BM-derived pDC do not induce a Th2 phenotype at moderate to high concentration of antigen and induce only a weak Th2 polarization with low dose of antigen. [16] In general the Dox-pDC are able to induce a Th1/Th17 phenotype when loaded with the model antigen OVA.
Our novel murine Dox-pDC cell line with its long-term stability is easy to culture and comprise the unique characteristics of primary pDC. With its great potential for investigating pDC-mediated effects in vitro and in vivo, Dox-pDC pose an essential tool for elucidating the role of pDC in health and disease.
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